An Apios americana trypsin inhibitor, AATI, was purified from Apios tubers by chromatography on DEAE Cellulofine A-500 and Sephadex G-50. The molecular mass of AATI was determined to be 6,437 Da by matrix-assisted laser desorption and ionization time-of-flight mass spectrometer (MALDI-TOF-MS). It showed strong inhibitory activity toward serine proteases, and the inhibition constants toward trypsin and chymotrypsin were 3:0 Â 10 À9 M and 1:0 Â 10 À6 M respectively. The inhibitory activity was not affected by heating at 80 C for 2 h or by incubation at a wide range of pH values, suggesting that AATI has remarkable heat-stability and pH-stability. AATI cDNA consists of 552 nucleotides, and includes an open reading frame encoding a protein of 116 amino acids. The results of Nterminal amino acid sequencing of AATI and MALDI-TOF-MS analysis suggested that the deduced amino acid sequence had 50 and seven extra amino acids at the N-and C-termini respectively. Thus the mature AATI protein consists of 59 amino acid residues. Comparison of the amino acid sequence with those of the trypsin inhibitors from plants suggests that AATI belongs to the Bowman-Birk family and that it contains two possible reactive sites toward trypsin at Lys62 and Arg88.
Protease inhibitors play important roles in the regulation of proteolysis in various organisms, whether the target enzymes are of exogenous or endogenous origin. 1, 2) Many proteinaceous proteinase inhibitors have been found and isolated from plant storage organs 3) such as seeds, 4) tubers, 5) and endosperm. 6, 7) The serine proteinase inhibitors isolated from leguminous seeds can be classified into at least three distinct inhibitor families, Bowman-Birk type inhibitors (BBIs), Kunitz type inhibitors, and potato inhibitor I families. 8) Among these, the BBIs consist of 60-80 amino acid residues and have molecular weights of approximately 8 kDa. In aqueous solutions, the inhibitor undergoes self-association to form a dimer, which is concentration-dependent. 9, 10) BBIs also have a high cystine content (seven disulfide bridges), and some have been isolated in pure form and characterized in terms of their chemical, physicochemical, and inhibitory properties. [11] [12] [13] Furthermore, BBIs have been studied extensively for their ability to prevent carcinogenesis in both in vivo and in vitro systems. Steven et al. 14, 15) demonstrated that BBI from soybean inhibited cell growth and decreased the clonogenic survival of cisplatin-resistant human ovarian cancer cells. Consequently, a ''BBI concentrate'' from soybean achieved Investigational New Drug Status as an anticarcinogenic agent from the US Food and Drug Administration in April, 1992.
16)
Apios americana Medikus is an edible tuberous legume native to eastern North America. Apios tubers are characterized by a significantly higher content of protein than other plant tubers. 17) Hence it is an important food crop both economically and nutritionally, and it is cultivated and consumed in many countries throughout the world. Apios tubers are also used as a folk medicine to reduce the risk of illness, 18) but little is known about the biochemical and food-functional characteristics of Apios tubers. We have found inhibitory activity toward trypsin in protein extract from Apios tubers. Since it is thought that protease inhibitors in various foods might reduce the risk of cancer, 19, 20) we attempted to purify a trypsin inhibitor from Apios tubers in order to get more information about its proteinaceous components. In this study, we describe the isolation, characterization, and cDNA cloning of an Apios americana trypsin inhibitor, denoted AATI. The inhibitor showed strong inhibitory activity toward trypsin and belonged to the BBI family.
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Materials and Methods
Materials. Apios americana Medikus tubers were obtained from the Experimental Farm of College of Agriculture, Ibaraki University. The tubers were stored at 4 C for protein extraction and at À80 C for RNA preparation.
DEAE Cellulofine A-500 and Sephadex G-50 were purchased from Seikagaku Kogyo (Tokyo) and Amersham Pharmacia (Uppsala, Sweden) respectively. Trypsin, chymotrypsin, papain, subtilisin, and elastase were purchased from Sigma Chemical (St. Louis, MO). Benzoyl-L-arginine p-nitroanilide hydrochloride (L-BAPA) and benzoyl-L-tyrosine p-nitroanilide (L-BTPA) were from the Peptide Institute (Osaka, Japan). N-SuccinylAla-Ala-Ala-p-nitroanilide was from Sigma. Oligonucleotides were from Exigen (Tokyo). Taq DNA polymerase, a DNA Ligation Kit, a 5 0 -Full RACE Core Set, and an RNA PCR Kit were from Takara-Bio (Ohtsu, Japan). pGEM-T EASY vector was from Promega (Madison, WI). All other chemicals were of analytical grade for biochemical use.
Protease inhibition assays. Inhibition of trypsin and chymotrypsin was assayed by the method of Shibata et al. 21) Trypsin or chymotrypsin was dissolved in 1 mM HCl containing 20 mM CaCl 2 at a concentration of 0.02 mg/ml (8:0 Â 10 À7 M). Then 100 ml of the enzyme solution was incubated with 200 ml of the inhibitor solution in 50 mM Tris-HCl buffer (pH 7.5) at 37 C for 10 min, and then 1 ml of 0.5 mM L-BAPA (trypsin) substrate solution in 50 mM Tris-HCl buffer (pH 7.5) or L-BTPA (chymotrypsin) in 50 mM Tris-HCl buffer (pH 7.5) containing 10% dimethyl sulfoxide was added. After incubation at 37 C for another 10 min, 200 ml of 30% acetic acid was added to quench the enzyme reaction, and the absorbance at 410 nm was measured on a spectrophotometer. One unit of inhibitory activity was defined as the amount of inhibitor that inhibits 1 mg of the active enzyme. The inhibition constants (Ki) were determined by the method of Bieth. 22) Inhibition of trypsin, chymotrypsin, papain, and subtilisin was assayed by the method of Kunitz, 23) using casein as the substrate. Inhibition of elastase was assayed by the method of Stein, 24) using N-succinyl-Ala-Ala-Ala-pnitroanilide as the substrate.
Molecular weight (mass) measurement. The molecular weight of the purified inhibitor was estimated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) following Laemmli 25) using 15% (w/v) acrylamide gel. Bovine serum albumin (Mr 67,000), ovalbumin (Mr 45,000), -chymotrypsinogen (Mr 25,600), lysozyme (Mr 14,300), and insulin (Mr 5,800) were used as marker proteins. The gel was stained with 0.25% (w/v) Coomassie brilliant blue R-250, and destained with 10% (w/v) acetic acid.
Matrix-assisted laser desorption/ionization time-offlight mass spectrometry (MALDI-TOF-MS) was carried out in the linear mode using a Voyager-RP instrument (Applied Biosystems, Foster City, CA) and -cyano-4-hydroxycinnamic acid was used as the matrix.
Purification of the trypsin inhibitor. Apios tubers were peeled and ground in a Physcotron homogenizer (NitiOn, Chiba, Japan) with 3 volumes (w/v) of 50 mM TrisHCl buffer (pH 7.5). Proteins were extracted for 24 h at 4 C and the homogenate was centrifuged at 13;000 Â g for 30 min. The supernatant was recovered and the proteins were further extracted from the precipitate by repeating the same procedure. The supernatants were saturated with ammonium sulfate. After centrifugation, the resulting protein precipitate was dialyzed against distilled water, followed by 50 mM Tris-HCl buffer (pH 7.5). The dialysate (crude extract) was applied onto a DEAE Cellulofine A-500 column (2:6 Â 38 cm) equilibrated with the same buffer, and proteins were eluted with a linear gradient of 0-0.3 M NaCl in the same buffer. The fractions exhibiting trypsin inhibitory activity were pooled and saturated with ammonium sulfate. After centrifugation, the precipitate was dissolved in 50 mM Tris-HCl buffer (pH 7.5), the solution was applied onto a Sephadex G-50 column (2:5 Â 65 cm) equilibrated with 50 mM Tris-HCl buffer (pH 7.5) containing 0.1 M NaCl, and the proteins were eluted with the same buffer. The fractions exhibiting inhibitory activity were pooled, dialyzed against water, and freezedried.
pH stability. The inhibitor was dissolved in various solutions: HCl (pH 1.0-3.0), NaOH (pH 11.0-12.0), and universal buffer (pH 4.0-10.0), a mixture of 1.7 ml of 85% phosphoric acid, 1.7 ml of acetic acid, and 1.545 g of boric acid, and the pH was adjusted with NaOH. After incubation in each solution for 1 h at 37 C, inhibitory activity toward trypsin was assayed after adjustment of the pH to 7.5.
Temperature stability. The inhibitor was dissolved in 50 mM Tris-HCl buffer (pH 7.5) and incubated at various temperatures of 37, 50, 60, 70, 80, and 100 C for 30, 60 and 120 min. Assay of inhibitory activity toward trypsin was carried out at 37 C as described above.
Enzymatic digestion and amino acid sequencing. The inhibitor was first treated by limited hydrolysis with trypsin in 50 mM CaCl 2 solution, pH 4.0, at 37 C for 96 h at an enzyme-to-substrate ratio of 1:50.
26) The nicked and native inhibitors were reduced and pyridylethylated in 0.5 M Tris-HCl buffer (pH 8.5) containing 7 M guanidine-HCl and 10 mM ethylenediaminetetraacetic acid with 4-vinylpyridine and tri-n-butyl phosphine. 27) Lysylendopeptidase digestion of the pyridylethylated inhibitor was carried out at 37 C for 18 h at an enzyme-to-substrate ratio of 1:50 with Achromobacter lyticus proteinase. 28) Peptide mixtures obtained by enzymatic digestion were separated by tricine SDS-PAGE and reverse-phase high-performance liquid chromatography on a Wakosil C 18 column (4:6 Â 150 mm) equilibrated with 0.1% trifluoroacetic acid (TFA), and eluted with a linear gradient of 70% acetonitrile in 0.1% TFA (flow rate, 1 ml/min). The peptides in the gel were electrophoretically transferred to a polyvinylidene difluoride membrane, 29) and the membrane was stained with Coomassie brilliant blue R-250. The amino acid sequences of the peptides and pyridylethylated inhibitor were determined using a protein sequencer (Procise 494-HT, Applied Biosystems, Foster City, CA).
Cloning and sequencing of AATI cDNA. Total RNA was extracted from tubers of Apios americana using a Promega SV Total RNA Isolation System Kit. Reversetranscription reaction was performed using a First Strand cDNA Synthesis Kit (Toyobo, Osaka, Japan) with oligo (dT) primer. Two degenerated oligonucleotide primers were used to amplify the AATI cDNA fragment: forward primer 1, 5 0 -ACNAARGCNTGYTGRGAYY-TNTG-3 0 , and back primer, 5 0 -TTRCANGGYTCRTAR-CARAA-3 0 , which correspond to AATI protein-coding regions TKACCDLC and FCYEPCK (Fig. 5) (Fig. 5) .
Sequence comparison. The amino acid sequence of AATI was compared with those of BBIs purified from leguminous plants included in SwissProt and PIR databases using the program FASTA.
Results

Purification of AATI
Crude extract from Apios tubers was applied onto a DEAE Cellulofine A-500 column. An amount of protein was absorbed to the column and the proteins were eluted with a linear gradient of NaCl from 0 to 0.3 M in equilibrating buffer, but strong trypsin inhibitory activity was detected in the flow through fractions (Fig. 1,  fraction I ). Hence these fractions were pooled, and then the proteins were applied onto a Sephadex G-50 column. As shown in Fig. 2 , gel filtration resolved the proteins into four peaks, and only the third peak (fraction II) showed strong trypsin inhibitory activity. SDS-PAGE analysis of the fraction gave a single band (Fig. 2) , The crude extract was loaded onto a DEAE Cellulofine A-500 column (2:6 Â 38 cm) equilibrated with 50 mM Tris-HCl buffer (pH 7.5). Proteins were eluted with a linear gradient of 0-0.3 M NaCl in the same buffer at a flow rate of 60 ml/h. Each fraction was analyzed for its inhibitory activity toward trypsin.
indicating that the trypsin inhibitor was homogeneous. The trypsin inhibitor obtained was denoted Apios americana trypsin inhibitor, AATI. The molecular mass of AATI was determined to be 6,437 Da by MALDI-TOF-MS (data not shown). The purification of AATI is summarized in Table 1 .
Inhibitory properties
The inhibitory activity of AATI was assessed using trypsin, chymotrypsin, papain, subtilisin, and elastase. AATI showed stronger inhibition toward trypsin than toward chymotrypsin (Fig. 3) , while there was no inhibition of papain, subtilisin, or elastase (Table 2) . From the inhibition curves of trypsin and chymotrypsin, the inhibition constants (Ki) toward trypsin and chymotrypsin were calculated to be 3:0 Â 10 À9 M and 1:0 Â 10 À6 M respectively. A linear extrapolation to obtain 100% inhibition indicated that AATI bound to trypsin in a 1:2 molar ratio, whereas there was no obvious stoichiometry with chymotrypsin from the titration pattern of its inhibitory activity. Residual enzyme activities were measured using L-BAPA and L-BTPA as substrates for trypsin ( ) and chymotrypsin ( ) respectively. The enzyme concentration in the reaction mixture was 6:2 Â 10 À8 M for both enzymes. Data points are the means of three determinations.
Stability of AATI
Preincubation of AATI in a range of pH of 1.0-9.0 did not affect trypsin inhibitory activity. Furthermore, AATI retained more than 80% of activity in a pH range of 10.0-12.0, whereas there was an approximately 80% loss of activity at pH 13.0 (Fig. 4A) . Figure 4B shows the heat stability of AATI. Heat treatment did not affect trypsin inhibitory activity from 37 to 80 C for 120 min, but there were 14, 45, and 74% losses of activity under heat treatment at 100 C for 30, 60, and 120 min respectively.
Cloning of AATI cDNA and sequence analysis Direct sequencing of pyridylethylated AATI (PE-AATI) by protein sequencer determined the amino acid sequence up to position 35 to be TKACCDLCLCTK-SIPPQCRCADIGETCHSACKACL. Furthermore, four peptides were obtained by lysyl endopeptidase digestion of PE-AATI, and their amino acid sequences were determined. To determine the complete amino acid sequence of AATI, RT-PCR, 3 0 -RACE, and 5 0 -RACE were performed using specific primers, and 143 bp, 355 bp, and 288 bp fragments of AATI cDNA were obtained by RT-PCR, 3 0 -RACE, and 5 0 -RACE respectively. The nucleotide sequences of the AATI cDNA fragments were combined with each other to determine the nucleotide sequence of the full-length AATI cDNA (Fig. 5) . AATI cDNA consisted of 552 nucleotides, a 351-bp open reading frame that encoded a polypeptide of 116 amino acids, a 30 bp 5 0 untranslated region, and a 171 bp 3 0 untranslated region. Comparison of the deduced amino acid sequence with the mature AATI protein sequence suggested that the deduced amino acid sequence had an extra 50 amino acids in the N-terminal region. The molecular mass of mature AATI (6,437 Da) was less than the theoretical mass of the resulting polypeptide (66 amino acid residues, 7,195 Da), implying that seven amino acids at the C-terminal might be cleaved off during maturation. Judging from these data, mature AATI consists of 59 amino acids containing 14 cysteine residues. A comparison of the amino acid sequence of AATI with those of other trypsin inhibitors from plants is shown in Fig. 6 . The amino acid sequence of AATI showed high similarity with the BBIs from Glycine max (72%), Medicago sativa (72%), Medicago scutellata (68%), Pisum sativum (72%), and Phaseolus vulgaris (68%). [31] [32] [33] [34] The positions of 14 cysteine residues are conserved, and two reactive sites of AATI were deduced to be Lys62 and Arg88. These data suggest that AATI belongs to the BBI family of inhibitors.
Discussion
We have described the purification and characterization of a trypsin inhibitor from Apios americana tubers. AATI was purified by ion-exchange chromatography on a DEAE Cellulofine A-500 column and gel filtration chromatography on a Sephadex G-50 column. It had a small molecular mass (6, 437 Da) , and showed strong trypsin inhibitory activity. Analysis of the amino acid sequence determined by protein-chemical and genetic engineering methods revealed that it belongs to the BBI family. The isolation and characterization of several other BBIs from seeds or leaves of leguminous plants have been reported to date, but our report is the first time that a BBI has been isolated from the tubers, as it were, of a leguminous plant.
Molecular mass measurement and sequence analysis of AATI suggested that mature AATI consists of 59 amino acid residues. Known BBIs from leguminous plants generally consist of about 60 to 80 amino acid residues in their mature forms. To our knowledge, AATI is the smallest member in the BBI family from leguminous plants.
Typical serine protease inhibitors from plants bind to serine proteases via reactive sites of inhibitors and inhibit their activities. The inhibition specificities of the inhibitors are related to the P 1 residue in the reactive site, 35) such as Arg and Lys for trypsin and Leu for chymotrypsin. Since AATI belongs to the BBI family, it is thought that it possesses two reactive sites in the molecule.
36) The possible reactive sites are Lys62 and Arg88, suggesting that AATI has a preference for Conserved amino acid residues in all of the inhibitors are marked by asterisks. Expected mature AATI region (residues 51-109) are in bold letters. Fourteen cysteine residues are surrounded by boxes. The deduced reactive sites are underlined. BBI, soybean (Glycine max, GenBank accession no. X68704); Msa, alfalfa (Medicago sativa, X79879); Msc, snail medic (Medicago scutellata, AF536379); Psa, garden pea (Pisum sativum, AJ291493); Pvu, kidney bean (Phaseolus vulgaris, AY049044); AATI, (AB296067). trypsin over chymotrypsin as its target enzyme. This observation is consistent with the results of inhibition assays with trypsin and chymotrypsin (Fig. 3) . Several types of serine protease inhibitors were purified from plant tubers. A protease inhibitor from potato, belonging to the potato type I family, 8) has inhibitory activity toward exogenous enzymes, but not against endogenous proteases of plant origin. 37) Therefore, it is probable that the main physiological role of the serine protease inhibitors in plants is in bio-defense against microbial and insect attack, 38) and AATI in Apios tubers may also play the same role.
It is known that many leguminous BBIs possess anticarcinogenic and cancer chemopreventive properties. 39, 40) We have also investigated the effect of AATI toward leukemic cells, and obtained the result that AATI can suppress the proliferation of those cells (unpublished data). Since AATI has high heat stability, one can ingest it in an active form after boiling during cooking. It is also noteworthy that AATI might be developed as a therapeutic agent for human health in the future.
